Sterol regulatory element-binding proteins (SREBPs) are a family of membrane-bound transcription factors that regulate cholesterol and fatty acid homeostasis. In mammals, three SREBP isoforms designated SREBP-1a, SREBP-1c, and SREBP-2 have been identified. SREBP-1a and SREBP-1c are derived from the same gene by virtue of alternatively spliced first exons. SREBP-1a has a longer transcriptional activation domain and is a more potent transcriptional activator than SREBP-1c in cultured cells and liver. Here, we describe the physiologic consequences of overexpressing the nuclear form of SREBP-1a (nSREBP-1a) in adipocytes of mice using the adipocytespecific aP2 promoter (aP2-nSREBP-1a). The transgenic aP2-nSREBP-1a mice developed markedly enlarged white and brown adipocytes that were fully differentiated. Adipocytes isolated from aP2-nSREBP-1a mice had significantly increased rates of fatty acid synthesis and enhanced fatty acid secretion. The increased production and release of fatty acids from adipocytes led, in turn, to a fatty liver. Overexpression of the alternative SREBP-1 isoform, nSREBP-1c, in adipose tissue inhibits adipocyte differentiation; as a result, the transgenic nSREBP-1c mice develop a syndrome resembling human lipodystrophy, which includes a loss of peripheral white adipose tissue, diabetes, and fatty livers (Shimomura, I., Hammer, R. E., Richardson, J. A., Ikemoto, S., Bashmakov, Y., Goldstein, J. L., and Brown, M. S. (1998) Genes Dev. 12, 3182-3194). In striking contrast, nSREBP-1a overexpression in fat resulted in the hypertrophy of fully differentiated adipocytes, no diabetes, and mild hepatic steatosis. These results suggest that nSREBP-1a and nSREBP-1c have distinct roles in adipocyte fat metabolism in vivo.
Obesity is an ever-increasing public health concern that it is now estimated to afflict at least one-third of the United States population (2) . Understanding how progenitor cells differentiate into adipocytes may be critical for the development of anti-obesity therapies.
Sterol regulatory element-binding proteins (SREBPs) 1 are a family of membrane-bound transcription factors that principally regulate lipid synthesis (3), but they have also been implicated in adipocyte differentiation (1, 4, 5) . SREBPs belong to the larger basic helix-loop-helix leucine zipper family of transcription factors, but are unique because they are synthesized as ϳ1150-amino acid precursors bound to the endoplasmic reticulum and nuclear envelope (3) . To be active, SREBPs undergo a sequential two-step cleavage process to release the transcriptionally active NH 2 -terminal portion of the protein, designated the nuclear form. Once the nuclear form is released from the membrane, it can enter the nucleus and bind to the promoters of target genes to activate transcription.
Three SREBP isoforms (designated SREBP-1a, SREBP-1c, and SREBP-2) have been identified in humans and animals (3) . SREBP-1a and SREBP-1c are encoded by the same gene that undergoes alternative splicing in which the two transcripts are driven by different promoters (6, 7) . SREBP-1a and SREBP-1c differ only in the first exon, which encodes a portion of an acidic transcriptional activation domain (6, 7) . SREBP-1a has a longer activation domain and is much more potent than SREBP-1c in transcriptionally activating known target genes in cultured cells (8) and liver (9) . The relative amounts of the SREBP-1a and SREBP-1c transcripts differ among cells and organs. SREBP-1a is the predominant transcript in most cultured cells. In most animal tissues, including liver and adipose tissue, the SREBP-1c transcript is predominant (10 -12) . The third SREBP isoform, designated SREBP-2, is produced by a different gene, and it contains a long acidic activation domain resembling that of SREBP-1a (13) .
In liver, all SREBP isoforms are capable of activating the same families of genes, but they do so with varying relative efficiencies. SREBP-2 preferentially activates multiple genes in the cholesterol biosynthetic pathway, whereas SREBP-1a and SREBP-1c preferentially activate genes involved in the synthesis of fatty acids and triglycerides (14) . The function and transcriptional activation properties of SREBPs in tissues other than liver have been only partially characterized. Of particular interest is the in vivo function of SREBPs in adipocytes owing to the potential role SREBP-1 isoforms may have in adipogenesis (4) .
Overexpression of transcriptionally active nuclear SREBP-1c (nSREBP-1c) in adipocytes of transgenic mice using the fat-specific aP2 promoter inhibits adipocyte differentiation and produces a syndrome in mice that shares the general features of congenital generalized lipodystrophy in humans (1) . The amount of white adipose tissue (WAT) in the lipodystrophic mice is markedly reduced, and many of the residual cells have the histologic appearance of immature adipocytes. These changes are associated with a marked reduction in many mRNAs encoding genes involved in adipogenesis such as C/EBP␣, PPAR␥, and adipsin. The majority of adipocytes in brown adipose tissue (BAT) are histologically similar to immature white adipocytes. The mRNAs for uncoupling protein-1 (UCP-1) and the additional adipogenic genes listed above are also markedly reduced. The transgenic mice also exhibit profound insulin resistance, hyperglycemia, and enlarged fatty livers.
To investigate the physiologic function of the SREBP-1a isoform in adipocytes, we have produced transgenic mice that overexpress transcriptionally active nSREBP-1a in WAT and BAT using the aP2 enhancer/promoter (aP2-nSREBP-1a mice). The phenotype of aP2-nSREBP-1a mice differs completely from that observed in aP2-nSREBP-1c mice (1) . Overexpression of nSREBP-1a in adipose tissue did not inhibit adipocyte differentiation, but rather activated the entire pathway of cholesterol and fatty acid biosynthetic genes, leading to increased lipid accumulation in the adipocytes. The white adipocytes from the transgenic mice were massively enlarged and contained excess triglyceride. The brown adipocytes contained large unilocular lipid droplets that produced a histologic appearance resembling mature white adipocytes. Isolated adipocytes from aP2-nSREBP-1a mice manifested significantly increased rates of fatty acid synthesis, which were associated with increased fatty acid secretion into the medium. In vivo, this led to a higher influx of free fatty acids (FFAs) from adipose tissues into liver, resulting in a fatty liver.
EXPERIMENTAL PROCEDURES
General Materials and Methods-DNA manipulations were performed using standard molecular techniques (15) . [9,10- 3 H]Oleic acid and [stearoyl-1- 14 C]stearoyl-CoA were purchased from American Radiolabeled Chemicals (St. Louis, MO), and potassium [1- 14 C]palmitate was purchased from PerkinElmer Life Sciences. All other chemicals used were from Sigma unless otherwise stated. The plasma concentration of cholesterol, triglycerides, insulin, glucose, and free fatty acids and the contents of liver cholesterol and triglyceride were measured as described previously (1, 16) .
Transgene Construction and Generation of Transgenic aP2-nSREBP-1a Mice-An expression plasmid containing the mouse aP2 promoter fused to amino acids 1-460 of the human SREBP-1a cDNA was constructed as follows. A plasmid containing 5.4 kb of the aP2 gene promoter in pBluescript II SK(ϩ) (designated paP2-Pro) was a generous gift from Dr. B. M. Spiegelman. A 1.5-kb EcoRI-SalI cDNA fragment of human SREBP-1a encoding amino acids 1-460 was excised from the pPEPCK-SREBP-1a460 plasmid (17) and ligated into the EcoRI and SalI sites of the pCMV5 vector. 2 The resulting plasmid was designated pCMV5-SREBP-1a460. A 1.7-kb EcoRI-SphI fragment containing SREBP-1a (amino acids 1-460) and a 3Ј-polyadenylation signal were excised from pCMV5-SREBP-1a460 and blunted using DNA polymerase I (Klenow fragment). The resulting fragment was designated SREBP-1a460-poly(A). SREBP-1a460-poly(A) was subcloned into the SmaI site of paP2-Pro to yield the final plasmid designated paP2-SREBP-1a460. The integrity of this plasmid was confirmed by DNA sequencing.
Techniques used for generating transgenic mice were as described previously (18) . A 7.1-kb NotI-ClaI fragment containing the aP2 promoter, SREBP-1a460, and poly (A ϩ ) tail from paP2-SREBP-1a460 was gel-purified as described (17) . A total of 613 fertilized eggs were microinjected with the aP2-SREBP-1a construct and survived to the two-cell stage. Among the 74 offspring, 19 (26%) had integrated the transgene as determined by dot-blot hybridization of DNA from tail homogenates. Of 19 founder mice subjected to partial lipectomy, 10 (53%) expressed the human SREBP-1a transcript as determined by Northern blotting (17) . Mice with high levels of expression were bred to (C57BL/6J ϫ SJL)F 1 mice (Jackson Laboratories, Bar Harbor, ME), and four independent transgenic lines were established. The transgenic lines were designated aP2-nSREBP-1a lines A, B, C, and D for lines 854-3, 951-4, 855-3, and 852-3 in order of the relative transgene mRNA expression in WAT from highest to lowest. All mice were housed in colony cages, maintained on a 14-h light/10-h dark cycle, and fed Teklad mouse/rat diet 7002 from Harlan Teklad Premier Laboratory Diets (Madison, WI).
Immunoblot Analysis-Nuclear extracts and membrane fractions were prepared from mouse livers and adipose tissue as described previously (19) . Immunoblot analysis of mouse SREBP-1 and SREBP-2 was carried out exactly as described previously (17, 20) .
Blot Hybridization of RNA-All cDNA probes for Northern blot analysis have been described previously (12, 17, 20, 21) . Total RNA was prepared using an RNA STAT-60 TM (Tel-Test Inc., Friendswood, TX). For Northern gel analysis, equal aliquots of total RNA made from adipose tissue from each mouse listed in Table I (line A) were pooled (total, 10 g), subjected to electrophoresis on a 1% formaldehyde-agarose gel, and transferred to Hybond N ϩ membrane (Amersham Biosciences). Hybridization conditions and cDNA probe preparations were carried out as described (1) . The resulting bands were quantified by exposing the filter to a BAS 1000 Bio Imaging Analyzer (Fuji Medical Systems, Stamford, CT). The -fold change was calculated after the signal was normalized to the signal generated by glyceraldehyde-3-phosphate dehydrogenase.
RNase Protection Assay-RNase protection assays for preadipocyte factor-1 (Pref-1) and mouse tumor necrosis factor-␣ (TNF-␣) were done using the cDNA template described previously (1) . Antisense cRNA was transcribed with [␣-
32 P]CTP (20 mCi/ml) using bacteriophage T7 RNA polymerase (Ambion Inc., Austin, TX). The specific activities of the transcribed RNAs were measured in each experiment and were in the range of 1.7-2.6 ϫ 10 9 cpm/g for all RNAs except for ␤-actin RNA, which was 5.3-8.1 ϫ 10 8 cpm/g. Aliquots of total RNA (20 g) from each sample were subjected to the RNase protection assay using a HybSpeed TM RPA kit (Ambion Inc.). Each assay tube contained a cRNA probe for the mRNA to be tested plus a cRNA probe complementary to the mRNA of ␤-actin. In preparing the probes, we adjusted the specific activity of [␣- 32 P]CTP to give a ␤-actin signal comparable to the test mRNAs. After RNase A/T1 digestion, protected fragments were separated on 8 M urea and 4.8% polyacrylamide gels. The gels were then dried and subjected to autoradiography using reflection film and intensifying screens (DuPont). The dried gels were also analyzed quantitatively with a Bio Imaging Analyzer using BAS 1000 MacBAS software (Fuji Medical Systems). The level of ␤-actin mRNA in each RNA sample was used to normalize signals obtained for the test mRNAs.
Acyl-CoA Synthetase and Stearoyl-CoA Activity MeasurementsLiver acyl-CoA synthetase activity was measured in 8-week-old nonfasted male mice (five wild-type and five aP2-nSREBP-1a, line A) during the early light cycle. Acyl-CoA synthetase activity was measured as described (22) with minor modifications. Briefly, the tissues were washed with 5 mM Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose, and the adventitia was carefully removed. The tissues were then minced, homogenized with 10 volumes of 5 mM Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose, and centrifuged at 800 ϫ g for 5 min. Five g of protein from the supernatant was added to a reaction mixture that contained 150 mM Tris-HCl buffer (pH 7.4), 0.1% Triton X-100, 50 mM MgCl 2 , 20 mM ATP, 200 mM potassium [1- 14 C]palmitate (56 mCi/mmol), 200 mM CoASH, and 2.25 mM glutathione in a total volume of 250 l. This mixture was incubated for 5 min at 37°C. The reaction was terminated by adding 1 ml of isopropyl alcohol, heptane, and 1 N H 2 SO 4 (40:10:1). Following thorough mixing, 0.35 ml of water and 0.6 ml of heptane were added and mixed by shaking for 5 min. The upper organic phase was removed and discarded. The lower water phase was washed twice with 0.6 ml of heptane, and the radioactivity in 0.7 ml of the lower phase was counted. Hepatic stearoyl-CoA desaturase activity was measured in 8-week-old non-fasted male mice (seven wild-type and six aP2-nSREBP-1a, line A) during the early light cycle as described previously (21) .
Primary Adipocytes-Adipocytes were prepared and pooled from epididymal and brown fat pads from four 12-week-old male wild-type and four aP2-nSREBP-1a line A littermate mice. Fat depots were resected under aseptic conditions, and adipocytes were isolated by collagenase digestion according to the procedure of Rodbell (23) HPO 4 , and 10 mM HEPES. Adipose tissue fragments were digested in Krebs-Ringer HEPES buffer with 1.25 mg/ml rat type II collagenase at 37°C with gentle shaking at 60 cycles/min for 45 min. The resultant cell suspension was diluted in 13 ml of cold Krebs-Ringer HEPES buffer. Isolated adipocytes were separated from undigested tissue by filtration through four layers of cheesecloth and washed three times with cold Krebs-Ringer HEPES buffer. For washing, cells were resuspended in 50 ml of buffer and centrifuged at 400 ϫ g for 5 min. The final wash was with 13 ml of the culture medium (Dulbecco's modified Eagle's medium containing 10% fetal bovine serum). Floating cells were collected as primary adipocytes, plated on 60-mm collagen-treated dishes (catalog no. 40416, BD Biosciences), and cultured at 37°C in 9% CO 2 . Adipocytes were incubated with Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 0.1 mg/ml gentamycin, and 0.5 mM sodium [ 
RESULTS
Unregulated overexpression of nSREBP-1a exclusively in adipose tissue was achieved by the construction of a transgene encoding only the transcriptionally active fragment of human SREBP-1a driven by the adipose-specific enhancer/promoter of the aP2 gene (24) . The truncated SREBP-1a transgene product terminates prior to the membrane attachment domain and therefore enters the nucleus directly without a requirement for proteolysis (3) .
We studied four lines of transgenic mice that were derived from independent founders (lines A-D). Fig. 1A shows the results from Northern blot analysis of mRNA derived from the aP2-nSREBP-1a transgene in line A mice, confirming that the transgene mRNA was expressed abundantly in both WAT and BAT. The transgene mRNA levels in WAT from lines B-D were 70, 35, and 30% of that measured in line A (data not shown). By Northern blotting, there was no evidence of transgene mRNA expression in liver (Fig. 1A ) or in brain, spleen, and kidney (data not shown). As shown in Fig. 1B , transgenic aP2-nSREBP-1a line A mice had abundant nSREBP-1a protein expressed in adipose tissue.
Phenotypic Parameters in aP2-nSREBP-1a Mice- Table I lists the relevant phenotypic parameters measured in aP2-nSREBP-1a mice (lines A and B) and their respective wild-type littermates. The most profound abnormalities were in aP2-nSREBP-1a line A mice. Similar but less profound changes were observed in the line B mice, which expressed lower levels of nSREBP-1a. The significant abnormalities noted in aP2-nSREBP-1a mice were as follows: 1) enlarged livers, 2) elevated hepatic triglyceride content, 3) enlarged interscapular brown fat pads, and 4) increased concentration of plasma FFAs. Plasma levels of cholesterol, triglyceride, insulin, and glucose were not significantly altered. Of note, the epididymal fat pad weights were not significantly different from those in wild-type littermates.
Histologic Changes in Fat of Transgenic Mice-The histology of WAT and BAT from representative wild-type and aP2-nSREBP-1a line A mice is shown in Fig. 2 . The epididymal fat pad from a 40-day-old wild-type mouse had mature adipocytes of uniform size containing unilocular fat droplets ( Fig. 2A) . The epididymal fat pad from a 40-day-old transgenic littermate mouse also showed mature adipocytes with distinct unilocular vacuoles; however, a small percentage of adipocytes were significantly larger than the wild-type adipocytes (Fig. 2B) . This phenotype became more prominent as the mice aged. Fig. 2C shows WAT from a 70-day-old transgenic mouse. The diameter of most adipocytes from aP2-nSREBP-1a mice was markedly greater than that of adipocytes from wild-type mice. Many fat pads from mice of this age also showed an inflammatory response, characterized by a monocytic infiltration.
Equally dramatic histologic changes were observed in BAT from aP2-nSREBP-1a mice. BAT from a 40-day-old wild-type mouse consisted of small multilocular adipocytes, as shown in Fig. 2D . In contrast, most adipocytes in BAT from aP2-nSREBP-1a mice were markedly enlarged and contained predominantly unilocular fat droplets. This resulted in a histologic appearance similar to that of normal WAT (Fig. 2E) .
Expression of mRNAs for Target Genes in Fat- Fig. 3 shows multiple Northern blots measuring mRNAs for genes encoding proteins involved in lipid metabolism and adipogenesis in WAT (Fig. 3A) and BAT (Fig. 3B ) from wild-type and aP2-nSREBP-1a line A mice. Significant increases were measured in the mRNAs for the low density lipoprotein receptor as well as enzymes involved in cholesterol biosynthesis in WAT and BAT from transgenic mice. In particular, the mRNA encoding 3-hydroxy-3-methylglutaryl-CoA reductase, a rate-controlling enzyme in the cholesterol biosynthetic pathway, was increased by Ͼ20-fold in WAT and BAT. The mRNAs for the fatty acid and triglyceride biosynthetic enzymes acetyl-CoA carboxylase-1, fatty-acid synthase, and glycerol-3-phosphate acyltransferase were also markedly increased in both adipose tissues of transgenic mice. WAT and BAT from transgenic mice showed FIG. 1. Amount of human truncated nSREBP-1a transgene mRNA and nuclear protein in WAT (epididymal fat) and BAT from transgenic aP2-nSREBP-1a line A mice. A, total RNA was isolated from WAT, BAT, and livers from 5-week-old male mice (five wild-type (WT) and five aP2-nSREBP-1a littermate), and equal aliquots were pooled. Aliquots of pooled RNA (10 g) were subjected to electrophoresis and blot hybridization with 32 P-labeled human SREBP-1a and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probes. Tg to the right of the blot indicates human SREBP-1a transgene mRNA. B, immunoblot analysis was carried out with the human nSREBP-1a transgene-derived protein in nuclear extracts from WAT and BAT of wild-type (WT) and transgenic aP2-nSREBP-1a (Tg) mice. The adipose tissue from mice described in A was pooled, and 30 g of nuclear protein extract was loaded into each lane. Tg to the right of the blot indicates human aP2-nSREBP-1a transgene-derived protein.
normal mRNA expression levels of genes encoding proteins that are associated with fully differentiated adipocytes: PPAR␥, C/EBP␣, and aP2. Of note, the mRNA for UCP-1, which is highly expressed in BAT, was reduced by 90% in the interscapular brown fat pads from the transgenic mice.
An RNase protection assay was used to determine whether overexpression of nSREBP-1a affects the expression of Pref-1 (Fig. 4A ) and TNF-␣ (Fig. 4B ) in WAT and BAT. The level of Pref-1 mRNA, a gene that is highly expressed in preadipocytes, was reduced by ϳ50% in both WAT and BAT of transgenic mice. The amounts of TNF-␣ mRNA did not change in either WAT or BAT of transgenic mice.
Synthesis and Secretion of Lipid from Primary Adipocytes-It is estimated that only 50 -60% of the cells in adipose tissue are adipogenic lipid-containing cells (25) . The remaining 40% are mesenchymal cells, fibroblasts, and endothelial cells. In the WAT of aP2-nSREBP-1a mice, infiltration of inflammatory cells was also observed. To assess the effect of nSREBP-1a overexpression on rates of fatty acid biosynthesis specifically in adipocytes, primary adipocytes were isolated from WAT and BAT and pulse-labeled with [ 14 C]acetate, and the amount of 14 C-labeled fatty acids produced in the cells (Fig. 5A) and released into the medium (Fig. 5B) was measured. The rates of [ 14 C]acetate incorporation into fatty acids in white and brown adipocytes from transgenic mice were increased 22-and 6-fold, respectively (Fig. 5A ). The release of newly synthesized 14 Clabeled fatty acids into the medium was significantly increased in primary adipocytes from WAT and BAT of transgenic mice (7-and 9-fold, respectively) (Fig. 5B) . The increased release of fatty acids from white and brown adipocytes is likely responsible for the higher FFA levels measured in the plasma of aP2-nSREBP-1a mice.
Histologic Changes in Livers of Transgenic Mice- Fig. 6A compares the appearance of the liver from one representative aP2-nSREBP-1a mouse (line A) and the liver from a wild-type littermate. Livers from aP2-nSREBP-1a mice were slightly enlarged and exhibited a distinct pale color that was consistently different from that of wild-type mice. Fig. 6 (B and C) shows the histologic appearance of the livers from a 2-month-old wildtype mouse and a transgenic littermate mouse (line A), respectively. Many of the hepatocytes in the transgenic animal were distended by fat droplets. There was neither generalized inflammation nor overt signs of necrosis. Similar macroscopic and histologic appearances were also observed in the livers of aP2-nSREBP-1a line B mice (data not shown).
Measurements of SREBPs and Enzymes Related to Lipid Accumulation in Liver-To determine whether the hepatic triglyceride accumulation in aP2-SREBP-1a mice is due to enhanced expression of genes involved in lipid synthesis, we first measured the mRNA and protein levels of all SREBPs. Previously, we showed that in the fatty livers of lipodystrophic aP2-nSREBP-1c mice, hepatic nSREBP-1c is significantly elevated, which leads to activated lipogenic target genes and increased rates of fatty acid synthesis (26) . Fig. 7A shows immunoblots of the precursor and nuclear forms of SREBP-1 and SREBP-2 in livers from wild-type and aP2-nSREBP-1a line A littermate mice. No significant changes were detected in the amounts of nuclear or precursor forms of SREBP-1 and SREBP-2. Fig. 7B shows the mRNA levels of genes encoding proteins involved in the synthesis of cholesterol and fatty acids and fatty acid-modifying enzymes. No substantial changes were measured in the mRNAs for genes involved in fatty acid biosynthesis such as acetyl-CoA carboxylase-1 and fatty-acid synthase or in cholesterol biosynthetic genes such as 3-hydroxy-3-methylglutaryl-CoA synthase and 3-hydroxy-3-methylglutaryl-CoA reductase. The lack of change in the mRNAs for lipogenic enzymes was reflected in a lack of change in synthetic rates for fatty acid and cholesterol in intact livers as measured 
FIG. 2. Representative histologic sections of WAT and BAT.
A and B, epididymal fat pads from 40-day-old wild-type and transgenic aP2-nSREBP-1a line A littermate mice, respectively; C, epididymal fat pad from a 70-day-old transgenic aP2-nSREBP-1a line A mouse; D and E, interscapular brown fat pads from 40-day-old wild-type and transgenic littermate mice, respectively. Note that the adipocytes of the white and brown fat pads from the transgenic mice were markedly enlarged (hematoxylin and eosin stain; magnification ϫ112).
in vivo by the incorporation of tritiated water (data not shown). The mRNAs for enzymes that modify fatty acids, acyl-CoA synthetase, stearoyl-CoA desaturase, and glycerol-3-phosphate acyltransferase, were all slightly increased. To determine whether the change measured in the mRNAs leads to increased enzymatic activity of acyl-CoA synthetase and stearoyl-CoA desaturase, we measured the enzymatic activities of each in livers from wild-type and aP2-nSREBP-1a mice (Table II) . The livers from transgenic mice had Ͼ2-fold higher activities for both acyl-CoA synthetase and stearoyl-CoA desaturase compared with littermate controls.
Taken together, these results suggest that the lipid accumulation in the livers of aP2-nSREBP-1a mice is not due to increased de novo synthesis of fatty acids, but is due to the increased influx of FFAs from plasma. The influx of FFAs is likely the stimulus that leads to increased mRNAs for the fatty acid-modifying enzymes, possibly through PPAR␣-mediated transcriptional activation (27, 28) .
Correlation between Transgene Expression and Fatty LiverTo determine whether the degree of fatty liver correlates with the level of SREBP-1a transgene expression in adipose tissue, we measured the triglyceride content in the livers from the four independent lines of aP2-nSREBP-1a mice. These mice produced varying amounts of human nSREBP-1a transgene mRNA in white fat pads as determined by Northern blot analysis. Fig. 8 shows that the amount of hepatic triglyceride accumulation in the four lines of transgenic mice correlated with Table I . Equal aliquots of total RNA from each mouse were pooled (total, 10 g) and subjected to electrophoresis and blot hybridization with the indicated 32 P-labeled cDNA probe. The amount of radioactivity in each band was quantified as described under "Experimental Procedures." The -fold change for each mRNA, relative to that of wild-type mice, was calculated after correction for loading differences with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These values are shown below each blot. LDL, low density lipoprotein; HMG, 3-hydroxy-3-methylglutaryl; ACC, acetyl-CoA carboxylase; FAS, fattyacid synthase; GPAT, glycerol-3-phosphate acyltransferase.
FIG. 4. Levels of mRNAs for Pref-1 (A) and TNF-␣ (B) in wildtype and transgenic aP2-nSREBP-1a line A mice as measured by
RNase protection assay. Aliquots of total RNA (20 g) isolated from white fat (WF) and brown fat (BF) as described in the legend to Fig. 2 were hybridized in solution for 10 min at 68°C to the 32 P-labeled cRNA probes for Pref-1 and TNF-␣, all in the presence of a cRNA probe for ␤-actin as described under "Experimental Procedures." After RNase digestion, the protected fragments were separated by gel electrophoresis and exposed to film for 16 h at Ϫ80°C. The radioactivity in the gels was quantified, normalized to the ␤-actin signal, and expressed as the -fold change relative to the mRNA level of wild-type mice. WT, wild-type mice; Tg, transgenic aP2-nSREBP-1a line A mice. the level of mRNA expression of the nSREBP-1a transgene in white fat from each founder mouse. This further supports the hypothesis that lipid accumulation in liver is a direct result of increased FFA delivery from the peripheral adipose tissue overexpressing transcriptionally active SREBP-1a.
DISCUSSION
In this report, we show that nSREBP-1a overexpression in adipose tissue of mice activates both the cholesterol and fatty acid biosynthetic pathways by increasing the levels of mRNAs encoding the key genes in each pathway. This activation resulted in enhanced rates of cholesterol and fatty acid synthesis in both BAT and WAT. These changes are similar to those found in the livers of transgenic mice overexpressing nSREBP-1a (17) and cultured cells overexpressing nSREBP-1a (8) . As a consequence of enhanced synthesis of lipids, the adipocytes in the white fat pads of transgenic mice accumulated excess amounts of triglyceride, which in turn caused severe adipocyte hypertrophy that was associated with an inflammatory reaction. Brown fat pads were markedly enlarged due to hypertrophy of the brown adipocytes, which showed the histologic appearance of mature white adipocytes. The aP2-SREBP-1a mice developed fatty livers presumably from an increase in fatty acids derived from adipose tissue.
Altered White Adipocyte Structure/Function-The levels of nSREBP-1a transgene expression in WAT and BAT of aP2-nSREBP-1a line A transgenic mice were similar to the transgene levels of nSREBP-1c measured in the adipose tissues of aP2-nSREBP-1c mice (data not shown) (1). Despite similar transgene expression levels in the aP2-SREBP-1a and aP2-SREBP-1c mice, the effects on adipocyte differentiation and function were distinctly different. The white fat pads of 5-week-old lipodystrophic aP2-nSREBP-1c mice were composed predominantly of immature adipocytes, characterized by an abundant eosinophilic cytoplasm, centrally located nucleus, and a small but distinct fat droplet (1). The mRNA levels of genes normally expressed in differentiated adipocytes (PPAR␥, C/EBP␣, and adipsin) were markedly reduced in WAT from aP2-nSREBP-1c mice, suggesting that these cells were metabolically undifferentiated. In addition, the abundance of Pref-1 transcripts, a prominent marker of immature adipocytes, was increased in the WAT pads of lipodystrophic aP2-nSREBP-1c mice (1) . In contrast, the white fat pads of 5-week-old aP2-nSREBP-1a mice consisted predominantly of fully differentiated adipocytes, many of which were hypertrophic. The mRNAs levels of genes associated with fully differentiated adipocytes were expressed at normal levels, and mRNAs encoding lipogenic enzymes were markedly increased. Our laboratory previously reported that, during the differentiation of 3T3-L1 cells, the abundance of SREBP-1a increases, which is followed by the induction of mRNAs for genes encoding fatty acid, cholesterol, and triglyceride biosynthetic enzymes (10) . Together, these observations suggest that SREBP-1a contributes to adipogenesis through the activation of lipid synthesis.
The exact mechanisms by which SREBP-1a and SREBP-1c differentially influence adipocyte differentiation in vivo remain to be elucidated. In cultured cells and in liver, SREBP-1a is a much more potent activator of virtually all target genes controlling cholesterol and fatty acid biosynthesis compared with SREBP-1c (8, 9) . In HepG2 cells, overexpression of nSREBP-1a increases the transcription of PPAR␥ presumably by activating the promoters of PPAR␥1 and PPAR␥3 (29) . However, in fat of aP2-nSREBP-1a mice, there is no change in the abundance of PPAR␥ transcripts, suggesting that overexpression of SREBP-1a does not induce the transcription of this key regulator of adipogenesis in vivo. However, this does not exclude the possibility that SREBP-1a activates genes that produce a ligand that activates PPAR␥ (30) .
In contrast to the markedly elevated levels of plasma insulin and glucose observed in the lipodystrophic aP2-nSREBP-1c mice, aP2-nSREBP-1a transgenic mice had normal plasma insulin and glucose levels, indicating that glucose homeostasis was normal. The insulin resistance and ensuing diabetes in the lipodystrophic aP2-nSREBP-1c mice were the consequences of the dramatic reduction in the levels of circulating leptin that resulted from the failure of adipocyte differentiation (31) . There was no evidence, however, of inadequate adipocyte dif- Table I were separately pooled, and aliquots of membrane protein (50 g) and nuclear extract protein (30 g) were subjected to 8% SDS-PAGE. Immunoblot analysis was performed as described under "Experimental Procedures." P and N denote the precursor and cleaved nuclear forms of SREBP, respectively. B, amounts of various mRNAs in livers from wild-type and transgenic aP2-nSREBP-1a line A mice as measured by blot hybridization. Total RNA was isolated from livers of the 5-week-old wild-type and aP2-nSREBP-1a line A mice listed in Table I . Total RNA from each mouse was pooled, and 10-g aliquots were subjected to electrophoresis and blot hybridization with the indicated 32 P-labeled cDNA probe. The amount of radioactivity in each band was quantified as described under "Experimental Procedures." The -fold change for each mRNA, relative to that of the respective wild-type mice, was calculated after correction for loading differences with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These values are shown below each blot. LDL, low density lipoprotein; HMG, 3-hydroxy-3-methylglutaryl; ACC, acetyl-CoA carboxylase; FAS, fatty-acid synthase; GPAT, glycerol-3-phosphate acyltransferase. ferentiation in the aP2-nSREBP-1a mice, and the circulating levels of leptin were normal. The normal leptin levels likely account for the lack of an effect on glucose metabolism. In preliminary studies, we found that mild hyperinsulinemia does develop in geriatric age aP2-SREBP-1a mice. Although we have not investigated the mechanism responsible for the hyperinsulinemia, it cannot be a result of altered adipogenesis, as was observed in the lipodystrophic aP2-SREBP-1c mice.
Altered Brown Adipocyte Structure/Function-The interscapular brown fat pads in aP2-nSREBP-1a mice were enlarged and resembled white fat in color and texture. Histologically, the brown adipocytes were almost indistinguishable from normal mature white adipocytes. The change in brown adipocyte morphology was accompanied by a significant reduction in UCP-1, the major differentiation marker of the brown adipocytes. A similar change in morphology and abundance of UCP-1 mRNA was reported in BAT of ob/ob mice (32) . This change in the brown adipocytes of aP2-nSREBP-1a and ob/ob mice may be simply a result of excess lipid synthesis within the brown adipocyte that causes a morphologic and metabolic conversion to a white adipocyte.
Adipocyte Fatty Acid Secretion and Hepatic Steatosis-The livers of aP2-nSREBP-1a mice exhibited a moderate accumulation of triglyceride compared with the massive accumulation of triglyceride in livers of aP2-nSREBP-1c mice. We believe that the source of the hepatic lipid is entirely different in the transgenic aP2nSREBP-1a and aP2-nSREBP-1c mice. Neither the amount of hepatic nSREBPs nor the rate of hepatic fatty acid synthesis was altered when nSREBP-1a was overexpressed in adipose tissue. These results are in marked contrast to the changes that occur in the livers of aP2-nSREBP-1c mice. In these mice, hyperinsulinemia stimulates SREBP-1c transcription, which leads to an increase in nSREBP-1c protein.
Increased nSREBP-1c protein results in the transcriptional activation of genes encoding the fatty acid biosynthetic enzymes, which significantly increase rates of hepatic fatty acid synthesis (12, 26) . This results in liver triglyceride levels that are Ͼ10-fold higher than the wild-type levels. In contrast, aP2-nSREBP-1a mice had normal levels of insulin and glucose and normal hepatic levels of SREBP-1c and mRNAs encoding lipogenic enzymes.
The liver has two sources of fatty acids: endogenously synthesized fatty acids and fatty acids derived from the peripheral fat stores or diet. Increased fatty acid influx from adipose tissue may contribute to the hepatic steatosis associated with obesity and type 2 diabetes (33). Before fatty acids can be incorporated into triglycerides, phospholipids, or cholesteryl esters, they must be activated to their acyl-CoA form by an acyl-CoA synthetase. Fatty acids can stimulate the expression of the acylCoA synthetase gene and its activity in a number of different tissues and cell types (34, 35) . The combination of increased plasma FFAs, increased activities of the hepatic fatty acidmodulating enzymes (acyl-CoA synthetase and stearoyl-CoA desaturase), and unchanged endogenous hepatic fatty acid synthesis suggests that the fatty livers observed in aP2-nSREBP-1a mice are purely a result of the very high fatty acid biosynthetic and secretion rates present in adipocytes. In addition, there was a significant correlation between the levels of the transgene expressed in white adipose tissue of independently derived lines of aP2-nSREBP-1a mice and the degree of hepatic triglyceride accumulation.
Comparison of aP2-nSREBP-1a, aP2-nSREBP-1c, and SREBP-1 Knockout Mouse Phenotypes- Table III summarizes the phenotypes observed in transgenic aP2-nSREBP-1a, transgenic aP2-nSREBP-1c (10), and SREBP-1 knockout (20) mice. SREBP-1 lacks both SREBP-1a and SREBP-1c proteins. Interestingly, the SREBP-1 knockout mice have normal amounts of adipose tissue that is populated with fully differentiated adipocytes that express normal levels of adipocyte-specific transcripts (20) . The lack of any recognized defect in adipose tissue suggests that SREBP-1a and SREBP-1c are dispensable for adipocyte differentiation. It is also possible, however, that there is sufficient SREBP-2 in adipose tissue to compensate for the loss of SREBP-1. Overexpression of SREBP-1a in adipocytes promotes lipid synthesis and accumulation both in cultured 3T3-L1 adipocytes (10) and in vivo, which suggests that SREBP-1a promotes lipid accumulation during adipose development. Overexpression of SREBP-1c in developing adipocytes inhibits their differentiation through an as yet unknown mechanism. It is possible that overproduction of nSREBP-1c may interfere with the activities of other transcription factors required for adipogenesis, which could include nSREBP-1a, nSREBP-2, and/or other basic helix-loop-helix transcription factors. A common phenotypic consequence of the overexpression of both SREBP-1a and SREBP-1c in adipose tissue is fatty liver. In the case of overexpression of nSREBP-1a in adipose tissue, fatty livers develop as a consequence of an increased influx of adipose-derived FFAs into the liver (Table III) . Overexpression of SREBP-1c in adipose tissue inhibits adipogenesis, causing a deficiency in leptin, which results in hyperinsulinemia and increased hepatic fatty acid biosynthesis (12, 26, 31) .
The dramatically different phenotypes that resulted from overexpressing these two closely related SREBP-1 isoforms in fat was unexpected. The SREBP-1a and SREBP-1c proteins have identical DNA-binding domains and differ only in the length of their transactivation domains. The current results raise the possibility that SREBP-1a and SREBP-1c have tissuespecific transcriptional activation properties that are modulated by as yet unidentified coactivators or corepressors. A more thorough understanding of the pathways regulated by each SREBP-1 isoform may be elucidated in the future by comparing genome-wide tissue-specific gene expression patterns in transgenic SREBP-1 and SREBP-1 knockout mice.
